Abstract-Identifying the extent to which the appearance of a humanoid robot affects human behavior toward it is important. We compared participant impressions of and behaviors toward two real humanoid robots in simple human-robot interactions. These two robots, which have different appearances but are controlled to perform the same recorded utterances and motions, are adjusted by a motion-capturing system. We conducted an experiment with 48 human participants who individually interacted with the two robots and also with a human for reference. The results revealed that different appearances did not affect participant verbal behaviors, but they did affect such nonverbal behaviors as distance and delay of response. These differences are explained by two factors: impressions and attributions.
I. INTRODUCTION
O VER the past several years, many humanoid robots have been developed that can typically make sophisticated human-like expressions with their head, arms, and legs [1] , [2] . We believe that such humanoid robots are suitable for our research on "communication robots" that behave as peer partners to support daily human activities based on advanced interaction capabilities. As well as providing physical support, these robots have the potential to supply such communication support as route guidance. To realize such a communication robot, identifying an optimal appearance is important for human-robot interaction (HRI).
Recent research in human-computer interaction (HCI) has emphasized the importance of robots as a new interface. Reaves and Nass researched the role of computers as new interface media in the manner of television (TV) and radio, and proved that humans act toward computer interfaces (even a simple textbased interface) as if communicating with other humans [3] .
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Digital Object Identifier 10.1109/TRO.2008. 921566 Cassell et al. demonstrated the importance of anthropomorphic expressions, including arms and heads on embodied agents, for effective communication with humans [4] . Kidd and Breazeal [5] compared a robot and a computer-graphic agent, and found that the robot was suitable for communication about real-world objects. As these works suggest, the human-like bodies of humanoid robots enable people to intuitively understand their gestures and influence people to unconsciously behave as if communicating with humans: if a humanoid robot effectively uses its body, people will communicate naturally with it. This could allow robots to perform such communicative tasks in human society as route guides. Previous works in robotics have also illustrated the effective usage of body properties in communication, such as head orientation based on real-time sensing by vision and audition [6] as well as the utilization of facial emotions [7] .
A. Robot Appearance in Human-Robot Interaction
Studies regarding robot appearances often focus on subjective impressions. For instance, Goetz et al. compared the appearances of robot faces and found that a friendly face is appropriate for a playful task [8] . Sarah et al. studied children's views toward robots in relation to the uncanny valley theory [9] . However, few research works have investigated the relationship between the appearance of robots and human behavior toward them. Although Robins et al. studied how human-likeness affects autistic children [10] , [11] , the applicability of their findings to normal people is limited since autistic children have difficulty communicating with humans and actually prefer nonhumans.
Since many robots have been designed for human interaction, which inherently requires friendly impressions, investigating the relationship between the amount of appearance differences and their effect on interaction is important. In other words, the extent to which the appearance of humanoid robots affects human behaviors toward robots must be identified. For example, some robots have biped-walking mechanisms, while others have wheeled locomotion mechanisms. Similarly, many areas of differences exist, including a round-or rectangular-faced appearance or color. Such differences probably influence subjective impressions. Key questions include whether these differences alter interaction, how much difference they make, and whether these differences are actually essential for interaction.
B. Question of "Control" in Human-Robot Interaction
One major difficulty in researching the appearances of humanoid robots is the question of control. Here, "control" denotes changing one factor, such as walking mechanism, to identify its effect; in psychology and HCI, such an experimentation method is commonly called "control." This is particularly notable when studying bodily interaction between people and robots because it requires actual "living" robots instead of drawings or animation that has not yet been studied in other fields, such as psychology and HCI. For example, it is not easy to build two robots only for control purposes, such as robots that differ in biped-walking or wheeled locomotion.
In psychology and HCI, "fixed designs" or "true experiments" (named by Robson [12] ) are considered the standard type of research. They are based on background theories, a hypothesis, and one or a few controlled factors associated with the hypothesis. Experiments are conducted to verify hypotheses by quantitative measures. An experiment where all other factors are cleanly removed is considered a good study; in contrast, "flexible designs" [12] (studies without such control, hypotheses, and/or quantitative measures) are sometimes considered "wrongly designed," "confounding," "arbitrarily interpreted," and "not scientific."
However, in the field of HRI, we believe that flexible designs are equally or more important than "true experiments." The unilateral adoration of "true experiments" might be the standard view in psychology and HCI, but this should not be swallowed by HRI studies. This view remains controversial in other areas of science. Many researchers, who are concerned about a trend where a "true experiment" is considered the only way to conduct research, stress the importance of flexible designs and case studies [12] - [15] . Note that larger efforts should be paid to conduct flexible design research that remains nonarbitrary and scientific [13] .
Flexible designs in HRI must be encouraged for two reasons. First, in HRI, reality is an essential aspect, which tends to be reduced in "true experiments." Robots exist in the real world; this unique feature is crucial. With its real physical body, a robot encourages people to interact with it. If we overly simplify factors, in this study, on the appearance of robots, the "true experiment" people might not engage in interaction, and we might miss the HRI essence. The importance of reality is often argued in practical social sciences, advocating flexible designs including case studies [12] . The merit of case studies is that they provide practical knowledge grounded in the real world for which HRI is starved. This leads to comparisons of existing robots (or applying an existing robot to real fields with real contexts). In reality, developing a humanoid robot is very expensive and financially unfeasible to merely compare appearances. Comparing existing humanoid robots in case studies is realistic enough.
Second, since the field of HRI remains in its infancy, previous studies are often insufficient about phenomena that we want to investigate. It is sometimes difficult to build a hypothesis before conducting a study, whereas case studies can contribute to the established research community [14] . One might question whether we can "import" theory from psychology and HCI. However, HRI does not equal human-human interaction and HCI; that is why, we are studying HRI. Sometimes, no similar theory exists, since what is important in HRI is unimportant in other fields; sometimes, theory in neighboring fields does not work for HRI due to the unique features of robots. This led us to derive hypotheses from case studies [15] . In this study, we derive hypotheses from a case study on the effects of appearance.
In addition, unlike many "fixed designs" studies, HRI studies are often conducted in laboratories as experiments. Since very few robots are actually working in the real world [16] , [17] , HRI studies often need to artificially create interaction with humans in a laboratory (or, more rarely, in a real field) as experiments.
This paper reports an experiment on the effects of the appearance of humanoid robots on interaction with human subjects at their first meeting (see Fig. 1 ). Instead of controlling specific factors of appearance, we compared two existing humanoid robots, Advanced Step in Innovative Mobility (ASIMO) [2] and Robovie [18] , and a human. We believe that such a comparison highlights the factors underlying a phenomenon, even without corresponding to the "control" of a single factor. Comparison is widely used in engineering experiments, including robotics to observe how different methods and mechanisms change performance. In this study, comparison offers the chance to consider the relationship among impressions stemming from appearance differences, such attributions as humanity, and participant nonverbal behaviors. We believe that this paper demonstrates that comparing existing humanoid robots as case studies and devising hypotheses on the effects of appearance is realistic enough.
II. HUMANOID ROBOTS
We used two humanoid robots, Robovie and ASIMO, which provide a good contrast of the appearance effect on interaction. Their biggest difference is the locomotion mechanism: Robovie and ASIMO use wheel and biped-walking mechanisms, respectively. Except for the locomotion mechanism, both have similar abstraction levels of anthropomorphism; however, their appearances create very different reactions. Robovie was designed by research-focused scientists who concentrated on anthropomorphism and were unconcerned about appearance. Its arms and head are white to emphasize its gestures, and its black body is intended to highlight its arm movements. People often describe Robovie's appearance as mechanical before interacting with it, but after they feel a human-like impression. By contrast, ASIMO's design, which suggests careful attention to produce a positive reaction to its appearance, hides all mechanical parts behind its surface and presents a white, curved shape.
A. Robovie
Robovie [18] is a humanoid robot developed by the Intelligent Robotics and Communication Laboratories, Advanced Telecommunications Research Institute International (ATR), to study communication between individuals as well as between humans and robots. Fig. 2(a) shows an overview of Robovie, who has a head, two arms, a body, and a wheeled-type mobile base. On its head, it has two charge-coupled device (CCD) cameras as eyes and a speaker for a mouth. The speaker can output recorded sound files installed on the internal control PC located in the body. Its height and weight are 120 cm and 40 kg, respectively. The robot has the following degrees of freedom (DoFs): two for the wheels, three for its neck, and four for each arm. Its motion can be controlled by a wireless local area network (LAN) (IEEE 802.11b).
B. ASIMO
ASIMO [2] is a biped humanoid robot developed by Honda, which has also developed biped humanoid robots P1, P2, and P3 to realize autonomous architecture for humanoid robots. Fig. 2(b) gives an overview of ASIMO, who can walk and turn in any direction with its legs. It has two cameras and a speaker on its head. Its height and weight are 120 cm and 52 kg, respectively. ASIMO's DoFs are as follows: six for each leg, four for each arm, one for each wrist and hand, and two for its neck. Its motion, generated using a Honda system, can be started and stopped by a wireless LAN.
C. Robot Motion
We generated robot motions based on the following principles. For ASIMO, we used such preset sample motions as pointing for each arm, nodding and turning for the head, and walking and turning for the legs. These motions were all prepared by Honda. For Robovie, we employed an optical motion-capturing system to measure the motions of ASIMO in these sample motions and translated them into the motions of Robovie to achieve the same time period and motion loci for the head and each arm.
Movements for the moving base were also adjusted to the same time period, directions, and distances as ASIMO.
D. Robot Voice
We recorded a human's voice (an experimenter in the H condition) and used it for both Robovie and ASIMO to compare the effect of the different appearances of each humanoid robot and avoid complicating the experiment. Of course, comparing the effect of different voices remains important future research as well as the balance between the appearance, quality, or types of voice.
III. EXPERIMENT

A. Participants
Forty-eight university students (22 men and 26 women) participated in our experiment whose average age was 20.6 years.
B. Condition
We conducted experiments on the simple interactions between participants and each experimenter.
Two humanoid robots, ASIMO and Robovie, were used in the experiment. In addition, humans are a good reference of measurement for comparisons among humanoid robots. That is, by also comparing humanoid robots with humans, readers can fairly judge the importance of our findings from comparisons among robots.
Thus, we established the following three conditions.
Condition A: Experimenter is ASIMO. Condition R: Experimenter is Robovie. Condition H: Experimenter is a human (Miyashita, one of the authors).
All the participants interacted with the experimenter under each condition. We randomly chose the order of the conditions for each participant as a counterbalance.
C. Environment
Fig . 3 shows the environment of the experiment. This is the room in our laboratory in which participants and each experimenter interacted. It is rectangular and measures 7.5 m by 10 m. A black line was placed on the floor in its center. Four photographs of ancient structures of Kyoto were placed in the room. Twelve IR cameras were also in the room as part of the optical motion-capturing system, and a microphone was placed around the environment to record the behaviors of participants and experimenters.
D. Method
As shown in Figs. 1 and 3 , each participant interacts with an experimenter, who moves in front of him/her. The following are the details of the experiment. 
1)
Step 1: First meeting: First, the participant received the following instructions at the initial position (see Fig. 3 ): "The robot will come to the center of the room. Please go in front of it and greet it. For safety, do not cross the black line." Then, the experimenter moves forward at a constant speed and stops at a predetermined location about 80 cm behind the black line. After this locomotion stops, the experimenter says, "Hello."
2)
Step 2: Participant's utterance to experimenter: While standing in front of the experimenter, the participant is instructed to "please tell the robot your name, and describe how you came to the laboratory." While the participant is giving this information, the experimenter nods when the utterance is momentarily paused (in the A and R conditions, controlled by the experimenter used in the H condition).
3)
Step 3: Conversation for orientation to the room: Still standing in front of the experimenter, the participant is then given instructed to "please listen while the robot explains this room to you." The experimenter then says, "In Kyoto, there are many ancient structures. This room contains photographs of them." After this utterance, the experimenter turns its head to the right, to the left, and to the front to look around the room. Next, the experimenter says, "Please look at this," which is accompanied by turning its head to the left and pointing at poster 1 with its left arm. When the motion is finished, the experimenter returns to a normal posture and says, "This is Kinkakuji Temple." 4)
Step 4: Navigation and conversation for guidance: While still standing in front of the experimenter, the participant is given further instruction: "Please follow the robot while it guides you to another place. Now you can across the black line." Then, the experimenter adds, "Please follow me," and turns 135
• clockwise by moving its base, either legs or wheels, at point A. Next, the experimenter advances 1.4 m to point B, turns 45
• counterclockwise at point B, advances 0.5 m to point C, and turns 90
• counterclockwise at point C. Finally, the experimenter says, "Please look at this," and turns its head to the right and points at poster 3 with its right arm. When the motion is finished, the experimenter returns to the normal posture and announces, "This is Ginkakuji Temple."
In the aforementioned steps, the time periods of the motions, the movement velocities, and the positions and postures of the robots were generated based on the principle described in Section II-C. The utterances of the robots were sound files recorded by the same human who served as the experimenter under the H condition.
E. Measurements
We measured both behavioral responses and subjective impressions toward the experimenters.
1) Behavioral responses:
We employed an optical motioncapturing system to measure participant body movements. The system is comprised of 12 pairs of infrared cameras, lights, and markers that reflect infrared signals. These cameras were set around the room. The system calculates each marker's 3-D position from all camera images and features high resolution in both time (120 Hz) and space (accuracy of 1 mm in the room). We also measured subject utterances with a microphone.
2) Subjective impressions: We employed a Semantic differential (SD) method [19] to analyze the impressions of each experimenter. The SD, which reveals how people differentiate similar stimuli (e.g., humanoid robots) in terms of the meanings in their mind, is widely used to measure basic feelings toward color and sound, images toward nations, products, enterprises, etc. In the SD method, various adjective pairs (opposites) are placed at both ends of Likert scales. We used SD since our purpose was comparing the differences of the overall images of ASIMO and Robovie without comparing a specific aspect such as human likeness.
At the end of the experiment under each condition, participants answered a questionnaire about the ratings of the SD method. In the questionnaire, which consisted of 36 adjective pairs (see Table I , left), we asked participants to give their overall images of the robots without specifying any particular aspect such as movement, behavior, etc. We selected these adjective pairs based on our previous study with the SD method for a robot [20] and other studies that applied SD to humans [21] .
IV. RESULTS
A. Impressions
The results obtained by the SD method were analyzed using factor analysis. Osgood found that factor analysis of SD ratings often produces three major factors: "evaluation," "potency," and "activity." This analysis on SD ratings is referred to as EPA analysis [19] . In other words, in most cases, people emotionally evaluate stimuli based on these three criteria.
We followed a standard process for analyzing the results from the SD method, which consists of the following subprocesses: factor analysis, naming of factors, and comparison based on factor scores.
1) Factor analysis:
We conducted factor analysis on the SD ratings for the 36 adjective pairs. Factor analysis [22] is an established method for the exploratory analysis of the factors behind observations. The target data of the factor analysis are the SD ratings obtained for the 36 adjective pairs, represented as observation data matrix X(X ij ), where each data point is an element in the matrix: that is, observation data for the ith observation (one of the 144 experimental sessions of the 48 participants) and the jth adjective pair. Factor analysis is modeled as follows. Relations among the matrix of factor scores F (F ik ), observation data matrix X(X ij ), and the matrix of factor loadings A(a j k ) can be written as
where observation i is one of the 144 observations of the 48 subjects, E(E ij ) is a unique factor matrix, and X ij are the observation data of the ith observation and the jth variable (evaluation for the jth adjective pair). Factor analysis requires three steps: 1) deciding the number of factors; 2) retrieving them; and 3) rotating them. Here, we describe the basic procedure of factor analysis (see [22] or other textbooks for further details). a) Deciding on the number of factors to extract: In factor analysis, the number of factors can be decided in several ways, and, for this purpose, we referred to the differences in the eigenvalues of factors. Factor analysis with the principal factor method was applied without specifying the number of factors. Each factor has its own eigenvalue, which represents the significance of the factor. The most significant factor has the largest eigenvalue, which gradually decreases as factors become less significant. Since the eigenvalues dropped after the fourth factor, we adopted a solution that consists of four factors. b) Retrieving factors: After deciding the number of factors to be four, we again applied factor analysis with the principal factor method with this fixed number of factors to provide the estimated matrix of factor loadings A(a j k ) in (1). As a result of factor analysis, the Kaiser-Meyer-Olkin measure of sampling adequacy resulted in a value of 0.835, which is quite good. The cumulative proportion of this solution was 48.9%. c) Rotating factors: Rotation is a process that provides better factors to interpret. The retrieved matrix of factor loadings A(a j k )was rotated using Keiser's normalized Varimax method. This method mathematically calculates rotation matrix T to maximize the deviation of the squares of factor loadings b 2 j k in a rotated matrix of factor loadings B . The relation between the retrieved matrix of the factor loadings and their rotated matrix can be described as follows
Factor loadings b j k in rotated matrix B are shown in Table I . The factor loadings are the correlations of each variable and the factors. For example, warm has a 0.732 loading on the first factor and denotes strong correlation. d) Computing factor scores: We computed factor scores to make the results more easily understandable. Now, with the rotated matrix of the factor loadings, (1) is described as
For factor k and observation i, factor score F ik is computed from the previous equation since B is known now. Then, S ik was computed from factor score F ik by standardization to an average of 0 and a standard deviation of 1. Consequently, four factor scores were computed for each observation i: S i1 = familiarity, S i2 = novelty, S i3 = safety, and S i4 = activity.
2) Naming of factors:
We interpreted the factors by referring to the adjective pairs with loadings greater than 0.5 (bold face) in Table I . The first factor was called familiarity because several adjectives that suggest familiarity, such as warm and friendly, had high loadings on only the first factor.
Naming the second factor was more difficult. Since novelty adjectives such as new were highly loaded on the second factor, it was called novelty. There was another option: since evaluative adjectives, such as good and intelligent, were also highly loaded, this factor could also be called Evaluation; however, since other evaluative words, such as favorable and pleasant, were distributed to factors 1 and 3, we avoided "evaluation" for the names of factors and chose distinctive names. Based on Osgood's evaluation-potency-activity analysis, we believe that both factors 1 and 2 are associated with the evaluation factor. Alternatively, intelligence was another candidate for the factor name. We did not choose it since intelligence is too specific and possibly misleading.
The third factor resembles the potency factor of Osgood's EPA analysis. Here, we chose safety for easy understanding. The fourth factor was called activity, since both rapid and quick are highly loaded to it.
Note that the process of naming factors is a conventional way to refer to them in later analysis. The assigned name should not be overinterpreted. To correctly understand the meanings of the factors, refer to the factor matrix in Table I. 3) Comparison based on factor scores: Fig. 4 indicates the retrieved standardized factor scores for each condition for factorsS i1 , S i2 , S i3 , and S i4 . We compared these standardized factor scores for each factor of familiarity, novelty, safety, and activity. An analysis of variance (ANOVA) revealed a significant difference in each of the four factors (F(2143 = 12.9 * * , 37.5 * * , 10.3 * * , and 3.5 * , where " * " denotes significant difference at the p < 0.05 level, " * * " denotes significant difference at the p < 0.01 level, and "+" denotes almost significant difference at the p < 0.1 level).
Then, a Tukey Honestly Significant Differences (HSD) method was applied for multiple comparisons among the conditions, and the results proved that the scores of the A condition were significantly higher than the R and H conditions for familiarity at the p < 0.01 level (denoted as A > R * * , A > H * * ). Furthermore, there were significant differences of A > R * * , A > H * * for novelty, A > H * * , R > H * for safety, and A > R+ (p = 0.061), A > H + (p = 0.057) for activity. In summarize the results of subjective impressions, ASIMO received better subjective impressions than Robovie or the human.
B. Verbal Responses
From the analysis of verbal responses, we found that participants gave the same amount of information with identical politeness to ASIMO, Robovie, and the human. The following describes the analysis details.
In step 2 of the experiment (explained in Section III), participants were requested to give their name and describe how they arrived at the laboratory, for example, "I came by bus from Shin-hozono station." We compared these utterances. Due to recording failure, data of seven participants were omitted from the analysis, so we analyzed 123 utterance items covering three observations of 41 participants.
A third person scored these 123 utterances by only listening to them, unaware of such experiment conditions as to which experimenter participants were talking. This evaluator used two measurement scales: amount of information contained in the utterance and its politeness. Scores were given on a 1-to-7 scale, where 7 represents the most positive and 1 represents the most negative impression (see Fig. 5 ). (In the figures in the paper, bars represent averages and vertical lines represent standard deviations. That is, the ranges of average ±1σ are denoted by vertical lines.) As a result, ANOVA revealed no significant difference among the three conditions (information: F(2,122) = 0.269, politeness: F(2,122) = 0.960).
C. Nonverbal Responses During Conversation
Participant nonverbal behaviors were analyzed using a motion-capturing system. The motions and utterances of the robots, Robovie and ASIMO, were completely controlled so that both identically moved their upper torsos. The human also behaved similarly to the robots. Since some of the data were incomplete, they were omitted from analysis due to occlusion of the motion-capturing system. A few participants in condition A stood too close to the black line; so, if there had been no black line, perhaps they would have stood closer to ASIMO (although this would have been slightly unsafe).
1) Distance during first conversation:
From the analysis of distance between the participants and experimenters during their first conversation, we found that participants generally stood closer to ASIMO than to Robovie or the human. The dark line in Fig. 6 represents the position of the black line on the floor. The following describes the analysis details. Fig. 6 compares the talking distance in step 1. The valid number of data for analysis is 138 (46 participants). ANOVA proved a significant difference among the conditions (F(2137) = 28.77 * * ). A multiple comparison with Tukey HSD showed the results of multiple comparisons as A < R * and A < H * .
2) Degree of participant waist angles when bowing as a greeting:
This analysis suggests that participants would bow more deeply to the human than to Robovie. The analysis was conducted as follows.
We analyzed participant responses to the greeting from robots. In step 1, robots said "hello," and each participant was requested (in advance) to respond to the greeting. The first comparison is based on the degree to which the participants bent at the waist in bowing during the greeting; 134 data items were analyzed (see Fig. 7 ). ANOVA results reveal almost significant differences among conditions (F(2133) = 2.936, p = 0.056). A Tukey HSD also indicated an almost significant difference for H > R+ (p = 0.061).
3) Delay time of vocal response to a greeting: The second comparison focused on the delay time of the vocal response to "hello," where we found that participants replied more rapidly to humans than to robots, and they also replied more rapidly to ASIMO than to Robovie. The analysis was conducted as follows.
Due to recording failures, the data of seven participants were omitted from the analysis, so 123 data items were analyzed (see Fig. 8 ). ANOVA proved a significant difference among the conditions (F(2122) = 12.852, p < 0.01). A Tukey HSD also showed significant differences for H < A * , A < R * , and H < R * * .
4) Extent of arm movements when participants were talking:
To verify whether the extent of each participant's arm gesture changed depending on the experimenter, we analyzed the number of arm movements made while participants talked to the robots during step 2. Fig. 9 shows the extent of each arm's movement per second. For each arm, ANOVA was applied, but no significant difference was found (left arm: F(2,119) = 1.203, p = 0.304; right arm: F(2117) = 0.689, p = 0.504). Fig. 10 compares the time delay of participant responses to experimenters' pointing. Participants looked most rapidly at the poster when Robovie pointed. The following describes the analysis.
5) Participant delay times of gaze response to pointing:
In step 3, experimenters pointed at a poster on the wall while talking about it. Most participants looked at the poster while the robot was pointing at it. Here, 122 data items of participants' looking at the poster were analyzed because their head motions were successfully captured with the motion-capturing system (number of data analyzed in each condition: A, 39; R, 43; H, 40). ANOVA proved a significant difference among conditions (F(2121) = 4.276, p < 0.05). A Tukey HSD also revealed differences of A > R+ (p = 0.065) and H > R * .
D. Nonverbal Behaviors While Walking
In step 4, participants were instructed to follow the experimenters, who said, "please follow me" and turned around at point A, moved through point B, arrived at point C, where they turned around. We analyzed participant behaviors during these sequences.
1) Distance during walking:
The first analysis involves the human-robot distance, where we found that participants tended to walk closer to ASIMO than to Robovie or the human; these results resemble the distance during the first conversation. The analysis was conducted as follows. All 144 data items were successfully analyzed (see Fig. 11 ), with ANOVA proving significant differences among conditions (F(2143) = 6.898, p < 0.01). A Tukey HSD showed the significant differences of A < H * * and A < R * * . 2) Speed while walking: Second, we analyzed the speed of the participants and experimenters (see Fig. 12 ). ANOVA proved significant differences among experimenter speeds (F(2143) = 50.778, p < 0.01; a Tukey HSD showed H > A * * , H > R * * ) and participants' speeds (F(2143) = 36.996, p < 0.01; a Tukey HSD showed H > A * * , H > R * * ). These results reveal the unfortunate lack of control of human locomotion as compared to the two robots. The difference in participant speed apparently reflects the speed of the robots and the human. (Note the difficulty of imitating the robots' speed because they are quite slow, particularly when turning around.) To summarize the results, since there is no significant difference between ASIMO and Robovie, participant following speed was apparently unaffected by appearance.
E. Summary of Results
Here is a summary of the results from the nine analyses described in Sections IV-A-IV-D. 1) Subjective impressions: ASIMO received better subjective impressions than Robovie or the human. Table II summarizes the experimental results and our hypotheses for the differences. Regarding the impressions, ASIMO gave a better impression in most of the factors, while Robovie gave a better impression than the human in novelty and safety factors.
Particularly concerning the impression of the safety factor, participant impressions of the human were worse than the two robots. We believe that this was caused by the experimental control in which the human, a stranger, abruptly approached the participants without a particularly warm attitude such as a smile, a casual introduction, or small talk. On the contrary, the participants seemed to accept the robots, which behaved in the same way as the human, and to enjoy interacting with the novel robot they saw for the first time. The size of the robots probably also affected the safety factor since small-large adjective pairs largely contributed to this factor. Robovie and ASIMO were carefully designed to be the size of children.
These differences of impression were partly influenced by the experimental control of the degree of freedom, which we controlled because our research focused on appearance. Concretely speaking, ASIMO has two DoFs for its head, Robovie has seven DoFs (three in its neck joint and two for each eye camera), while the human has many DoFs. In the experiment, we mainly used two DoFs for ASIMO, Robovie, and the human, such as "nodding" and "looking in the direction of posters." They did not intentionally exploit other DoFs such as "smiling" or "cocking its head" (one of Robovie's cute behaviors). Of course, we cannot perfectly control human motion; thus, he blinked and performed small oscillations. In other words, we did not fully use the expressive capability of the human and Robovie, which also reduced their respective impressions.
2) Appearance: We believe that these impression differences between ASIMO and Robovie reflect different appearance designs. Here, we compare the appearance differences that potentially caused such discrepancies. a) Color: ASIMO is white and Robovie is mainly black. In Japan, white suggests good, clean, new, and rapid; therefore, it is often used for home appliances (which are even referred to as "white-furniture") such as refrigerators, washing machines, rice cookers, and microwaves [23] . In contrast, in Japan, black is often used for high-tech audio and visual equipment, such as TVs, video recorders, and audio amplifiers. Of course, this image of color depends on culture. b) Shape: ASIMO's appearance is rounder than Robovie. c) Walking mechanism: ASIMO walks with two legs, while Robovie moves on wheels. Since in Japan, it is common knowledge that robots with biped-walking mechanism have been developed within the last couple of years, people might associate this mechanism with novel and intelligent technology; in Japan, new technology is often considered good [24] . d) Mechanical parts: People can see some of Robovie's mechanical parts, such as cables, cameras, microphone, switches, and joints. ASIMO hides all of them under its surface. In daily life, these mechanical parts are carefully hidden. Note that ASIMO and Robovie gave similar impressions of safety. Perhaps, for safety, behavior is more important than detailed appearance.
3) Behaviors: The nonverbal behaviors seemed to be affected by participant impressions. For example, the distance during talking and walking showed similar tendencies to familiarity. This is consistent with the proximity theory in psychology, as proposed by Hall [25] .
However, in some cases, the human, who gave worse impressions, received better reactions than Robovie. In the greetingdelay analysis (see Fig. 8 ), the human obtained a more rapid response than the two robots; a similar trend was noticed in the greeting-motion analysis (see Fig. 7 ). Gaze delay in pointing (see Fig. 10 ), in contrast, displayed an opposite trend to greeting delay. We hypothesize that participants tended to look at the human longer than the robots when they were pointing at the poster, extending the gaze delay, indicating more respect of the human than the two robots as a conversation partner. In other words, if a participant respects the partner (the human or robots), he/she is more likely to respond to the greeting rapidly and look at them when they are pointing at the poster.
Contrary to these differences in nonverbal behaviors, no significant difference was found in verbal behaviors. The amount of information and politeness was identical among conditions. Similarly, there was no significant difference in the extent of gestures (see Fig. 9 ). That is, the difference in appearance mainly affected unintentional nonverbal behaviors rather than intentional verbal behaviors. This is probably because the conversation in the experiment was rather uncomplicated. In our previous experiment on a route-guidance situation [26] , we observed that human participants used different words to humans and to Robovie (for example, giving simple landmarks to Robovie).
To summarize the experimental results, we can establish a hypothesized model of human behaviors to robots or humans as:
Nonverbal behaviors = f (Impressions, Attribution) where attribution includes "whether it is respected as a conversation partner." In this experiment, at least humanity (human or not) provided such an attribute as being respected as the conversation partner, but it remains unclear whether some nonhuman existence, such as a robot with a very human-like appearance or a machine-like but sophisticatedly designed appearance, could provide this attribute. This issue must be investigated in future research.
B. Image in Mass Media
Since ASIMO and other robots often appear in the mass media, such as TV, newspapers, and exhibitions about robot technologies, participants may have had preconceptions about them. Although participants had not interacted with these robots before, some had seen them in the media. Out of the 48 participants, 42 of them had seen ASIMO, and 14 out of 48 had seen Robovie. As these numbers indicate, ASIMO is well known in Japan and often appears with a celebrity image, such as in news about novel technology or within advertisements in mass media. Thus, this might have had an effect similar to a famous movie star appearing as an experimenter, and the good results of subjective impressions may partly reflect its celebrity status. This effect might extend to the larger concept of "robot" as well and could result in better impressions of robots in general. It remains inconclusive how much of the participant impressions toward robots are taken from such mass media images and how much their impressions were developed through their interaction with the robots in the experiment.
C. Effect of Biped-Walking on Communication
In the experiment, the locomotion mechanism (biped-walking or wheeled) of the robot was also included in the comparisons, but there is still no evidence that this directly affected nonverbal behaviors. It did seem to affect impressions such as novelty, so it probably indirectly affected participants' nonverbal behaviors.
Meanwhile, some participants commented that the excessively slow locomotion of the robots made it difficult to follow. We believe that this introduces one important but unsolved robotics research direction: the development of a robot that can be easily followed by humans. 2 
D. Limitations
First, since our comparisons are based on a case study between two existing robots, Robovie and ASIMO, the generality of the robots is limited. They do not ensure that the findings from the experiment can be applied to all other humanoid robots. We believe, however, that the setting is sufficiently realistic to provide a good start for research on the appearances of humanoid robots.
Regarding comparisons with the human, his movements were not exactly identical to the robots. We cannot perfectly control body movements and timings. Perhaps the difference of movements as well as appearance caused differences in participant behaviors. Even a degree of difficulty exists in the experimental control, and important knowledge was found from comparisons with the human.
This experiment only involved a situation reflecting a firsttime conversation. Novelty apparently had a greater effect on nonverbal behaviors than the other factors, but the effects of novelty eventually erode [27] , [28] . Future work must also investigate temporal changes in impressions and behaviors.
VI. CONCLUSION
We compared participant impressions and behaviors during simple interaction with two humanoid robots, Robovie and ASIMO, which have different appearances. The motions of these robots were adjusted by a motion-capturing system so that both behaved identically. We analyzed participant verbal and nonverbal behaviors during greeting, self-introduction, robot pointing at objects, and navigation in a room as well as subjective impressions of the robots. For comparison, a human experimenter performed the same actions and utterances as the robots. The results indicate that this case study provides concrete data on how differently participants behave toward these two robots and the human; such differences are explained by impressions and attributions. The differences were not so large; but since they reflect the usage of humanoid robots, whether such a difference is essential, we believe that the experiment provides evidence for determining whether a particular difference in appearance should be considered for a particular usage.
